We study the effect of neutrino degeneracy on primordial nucleosynthesis in a universe in which the cosmological scale factor evolves linearly with time. The degeneracy parameter of electron type neutrinos (ξ e ) determines the n/p (neutron to proton) ratio, which in turn determines the abundance of 4 He in a manner quite distinct from the Standard Scenario. The observed abundances of 4 He, Y P =0.254±0.003, and the minimum metallicity that is essential for fragmentation and cooling processes in star forming prestellar gas clouds (Z = Z cr = 10 −6 Z ), constrain the baryon to photon ratio, η B =(3.927±0.292)10 −9 , corresponding to a baryonic matter density, Ω B =0.263± 0.026 and ξ e =-2.165±0.171. This closes the dynamic mass estimates of matter in the universe by baryons alone. Useful byproducts are the threshold X(CNO) abundances required to trigger the CNO cycle in the observed low metallicity stars in the universe.
Introduction
A universe with an assumed large scale homogeneity and isotropy is described by the FRW metric:
The scale factor, a(t), is determined by requiring this metric to be a solution to the Einstein equations for a given equation of state for matter. The "Λ CDM " cosmological model, preceded by a suitable inflationary epoch, defines what is now referred to as the "Standard Scenario" of cosmology. The parameters of the model are determined by constraints from a wide range of cosmological observations. Obtaining consistent constraints of the model parameters in the Standard Scenario is a very impressive accomplishment. However, this consistency has two "weakest links": Dark matter and Dark energy (or the Cosmological Constant(Λ)) which, to date are well below direct detection and confirmation by current Particle Physics experiments. Further, the small value of the cosmological constant poses a major theoretical challenge.
A crucial cornerstone of the Standard Scenario is the Standard Big Bang Nucleosynthesis (SBBN). The SBBN predicted light element abundances are fairly concordant with observations. However, there have been reservations on the compatibility of observed estimates of 4 He and 7 Li with numerical estimates in the standard scenario [1, 2] . A resolution of this problem has been suggested by invoking the effect of a possible non vanishing neutrino degeneracy parameter [3, 4, 5] .
The SBBN also has issues with missing metallicity [Z] which is defined by the abundance of all elements heavier than 7 Li [6, 7] . Light elements produced in the nucleosynthesis epoch come with an abysmally low collateral production of metallicity (Z∼ O(10 −16 )). Any metallicity enrichment in the standard scenario could only be expected after the formation and disintegration of very high mass PopIII stars that may produce a critical metallicity (Z cr ∼ 10 −6 Z ). This minimum Z = Z cr is essential for an efficient cooling process and fragmentation of star forming prestellar gas clouds that lead to the formation of the later generation of low metallicity stars [8, 9, 10] . The required exploding PopIII stars should be observed as magnitude 27 to 29 stars at any time in every square arc-minute of the sky. However, no such sighting has been reported to date -in spite of advances in observational sensitivity that is close to detect such dim objects [11] .
The above issues, amongst other reasons, have motivated us to look at alternative cosmological models. Of particular interest is the "Power Law Cosmology" in which the cosmological scale factor evolves as a(t) ∝ t α , with α ∼ 1. Such an evolution accommodates high red-shift objects, alleviating the "age problem", they are purged of the fine tuning issues, and are a generic features in a class of models that attempt to dynamically solve the cosmological constant problem [12] . We refer to a model with:
as a linearly coasting universe. This evolution of the cosmological scale factor, independent of the equation of state of matter, is a surprisingly nice fit to a host of cosmological observations [12, 13, 14, 15, 16, 17, 18] . In this article, we revisit aspects of primordial nucleosynthesis in such a linearly coasting universe following a straightforward modification of standard nucleosynthesis codes [19, 20, 21, 22] .
A linearly evolving scale factor leads to an early universe (linearly coasting) nucleosynthesis (LCN) quite distinct from SBBN. This is outlined briefly in Section 2. It turns out that the predicted relic Cosmic Neutrino Background(CNB) in LCN is quite similar to that in the Standard Model(SM) with an effective neutrino temperature T 0ν ∼ 1.94 K. This relic CNB may possibly hide a large asymmetry in the number density of neutrinos and their antineutrinos due to non vanishing degeneracy parameters ((ξ α ), α = e, µ, τ ), corresponding to the three neutrino flavours. These parameters are assumed to vanish in SBBN. However of late it has been suggested that the observed primordial 4 He abundance is inconsistent with SBBN with a vanishing neutrino degeneracy parameter. Tackling this in SM by going beyond SBBN with ξ α = 0 can accommodate the observed primordial 4 He abundance, however this leads to inconsistency with the observationally inferred primordial abundances of 7 Li and the minimum metallicity requirements [4, 5, 6, 7, 1, 3] .
In LCN, a non zero ξ e crucially affects initial neutron to proton ratio and its evolution. Previous studies of LCN neglected the electron neutrino degeneracy(ξ e ) and reported very high estimates of baryonic density required for the production of observed amounts of 4 He [14] . Unfortunately, such a high baryonic density over -closes dynamic mass estimates roughly by a factor of three. 4 He abundance is sensitive to baryon density. With a non vanishing ξ e , the baryonic density can be brought down to acceptable levels, and gives rise to yields of minimum metallicity as a useful by product. Section 2 outlines the hot universe at the time of nucleosynthesis. A linearly evolving scale factor leads to a drastic reduction of the expansion rate of the universe in comparison to that in SBBN at the same temperature. This extends time scales at high temperatures and results in a significantly large metallicity production. In Section 3, we incorporate the effect of electron neutrino degeneracy (ξ e ) and the associated "Neutron to Proton ratio" in LCN. Section 4 describes constraints on {Ω B , ξ e } for the production of the critical metallicity and the observed 4 He abundances.
Nucleosynthesis in a Linearly Coasting Universe
With a(t) ∼ t, the hubble parameter is simply:
Measurement of the current value of the Hubble parameter: H 0 = 73.8 ± 2.4 km/sec/Mpc [23] , gives an estimate of the present age of the universe as some 13×10 9 years. The age of the universe at the epoch of primordial nucleosynthesis, when temperatures are of the order of T∼ 10 9 K and higher, follows from the present effective CMB temperature, T 0 = 2.73 K, and the expression for the product of scale factor of the universe and temperature:
These expressions follow from entropy conservation in terms of the density and pressure of light particles, F (T ) is given by [see eg. [24] ]
It varies continuously from 2.75 at high temperatures much greater than 10 10 K, to unity at low temperatures much less than 10 9 K. This reduces Eqs. (5)
This gives the age of universe to be some 36 years at T∼ 10 9 K. Thus such an evolution envisages an expansion much slower in comparison to that at corresponding temperatures in the Standard Model (SM).
The entropy of neutrinos does not significantly affect the above result. When the temperature is greater than a few Mev, the energy density of the universe is dominantly due to photons, electronpositron pairs, neutrinos (ν α ) and antineutrinos (ν α ), (α = e, µ, τ ), along with a contamination of baryons, in thermal equilibrium. At such high temperatures and densities, (neutral current) weak interactions: e + + e − ↔ ν α +ν α are rapid enough to maintain neutrinos in thermal equilibrium with the photon-e ± plasma. With the universe expanding very slowly, leptonic weak interactions do not decouple till temperatures as low as ∼ 10 8 K. However these reactions not decoupling is necessary but not sufficient to keep the neutrinoes in thermal equilibrium with photons. As the temperature drops to values lower than ∼ 5 × 10 9 K, the e ± pairs start getting annihilated into photons, with the (reverse) pair creation of e ± suppressed due to lesser number of high energy photons. This results in an increase of photon temperature in comparison to the ν −ν temperature. The neutrinos and antineutrinos would not get heated up by this e ± annihilation due to the small branching ratio of the weak interaction channel in comparison with electromagnetic annihilation channel: (e + + e − → γ + γ).
After the e ± annihilation, the photon temperature (T γ ) gets enhanced by a factor of (11/4) 1/3 in comparison with the neutrino effective temperature (T ν ) -just as in the SM. This would lead to a relic Cosmic Neutrino Background(CNB) having the present temperature, T 0ν ∼ 1.94 K.
At high temperatures, the neutron to proton density ratio is determined by equilibrium sustained by their forward and backward weak interaction rates with leptons. It is roughly given by:
With a(t)∼t, the slow expansion rate of universe ensures that electron neutrino weak interactions with nucleons do not freeze out even till temperatures as low as ∼ 10 9 K. In particular the inverse beta decay, which converts protons into neutrons, does not freeze out at these temperatures. This keeps replenishing more neutrons into nucleosynthesis network [14] . Thus even though the n/p ratio keeps decreasing below temperatures 10 10 K, the induction of neutrons by the inverse beta decay of the proton is a characteristic feature of LCN that enables the production of 4 He up to the desired observed levels. A modification of the standard nucleosynthesis code incorporating these peculiarities of LCN is quite straightforward. High temperatures that are sustained for large enough times due to a slower evolution, allow for successive burning of helium, carbon and oxygen, leading to significant metallicity production in LCN roughly some 10 8 times the metallicity produced in the SBBN. These enhanced levels of metallicity produced in LCN are close to the minimum metallicity required for the cooling and fragmentation of collapsing proto -stellar gas clouds as suggested by [9] . A by product is X(CNO) abundances, at sufficient levels to initiate and sustain the CNO cycle in the old low metallicity stars of the universe [25] .
Unfortunately, the slow expansion in LCN leads to abysmally low levels of residual deuterium(D) and lithium( 7 Li). However, it has been pointed out that spallation mechanism in incipient PopII star environments can produce acceptable levels of D and 7 Li in the later history of the universe [26] . Spallation as a mechanism for deuterium production was reviewed by Epstein et al [27] , who considered spallation of a beam of ions, with the constitution of elements observed in typical incipient type I stars, on a target cloud -again of the same constitution. There was no problem of producing Deuterium to desired levels. However, producing Deuterium up to such desired levels over produced 7 Li. On the other hand, constraining 7 Li to the observed levels produced virtually no Deuterium. Revisiting the above analysis, one finds that 7 Li is produced due to (i) a beam of protons spalling over heavier nucleii in the target cloud, and (ii) a beam of α spalling over α in the target cloud. The same spallation mechanism was reviewed in [26] in incipient Pop II environments. Stellar flares in such a protostar provide a natural source of beams of ions that would be deficient in alpha particles which would spall over metal deficient clouds to give deuterium to observed levels without overproducing 7 Li in the later history of the Universe.
At the nucleosynthesis epoch in LCN, for ξ e = 0, successful production of desirable 4 He and metallicity levels put constraints on the baryonic mass density Ω B ∼ 0.70. This over-closes dynamic mass estimates obtained from observed velocity dispersion of stars in galaxies and clusters [28] . The next section resolves this with a non-zero neutrino degeneracy parameter (ξ α ).
Lepton Asymmetry and the Neutron to Proton Ratio

Lepton Asymmetry
The number density n ν , and mass density ρ, of neutrinos of either kind, is determined by the degeneracy parameter ξ α :
the ∓ being respectively for neutrino and antineutrinos respectively, and α(α = e, µ, τ ) representing its flavour. T ν is the neutrino temperature. ξ α is related to chemical potential as ξ α ≡ µ α /kT ν . A lepton asymmetry parameter that determines the asymmetry between neutrinos and antineutrinos can be defined as:
Where, n γ is number density of photons:
This gives: 
with ζ(3) 1.202,
Here f(ξ α ) is the asymmetry function Fig. 1 . A non vanishing ξ e yields a non zero L e . This plays an important role in the charged current weak interactions that regulate the inter conversion of neutrons and protons during the nucleosyntheis era through the following reactions.
p + e − ↔ n + ν e n ↔ p + e − +ν e n + e + ↔ p +ν e
The expression for production and destruction rates of neutrons and proton are given in Appendix A. These reaction rates are plotted as a function of temperature (in units of T 9 = 10 9 K) in Fig. 3 for different ξ e values.
The Neutron to Proton Ratio
The primordial abundance of 4 He is quite sensitive to the neutron abundance during the nucleosynthesis epoch. The non zero ξ e alters the number densities of ν e ,ν e , or equivalently L e , which in turn modify the rate of n↔p weak interactions and thereby altering the neutron to proton ratio. We trace the evolution of neutron to proton ratio (n/p) from very high temperatures T ∼ 10 11 K, when the n↔p rates are much faster than the expansion rate of the universe. We assume chemical equilibrium to have set in between neutrons and protons. The initial n/p ratio, T 10 11 K is plotted as a function of ξ e in Fig. 2 . For ξ e < 0, (L e < 0) one has an overabundance of antineutrinos leading to a higher n/p ratio while ξ e > 0, (L e > 0) gives an overabundance of neutrinos, leading to a lower initial n/p ratio. The modification of charged-current weak interaction rates of the reactions given in Eqs. (17) are plotted as a function of temperature in units 10 9 K in Fig. 3 . We compare the inverse beta decay rate with hubble expansion rate in Fig. 4 for different values of ξ e . For temperatures T > 10 10 K, the n↔p reactions are much faster than the hubble expansion rates. This should ensure chemical equilibrium between the neutrons and protons. Before the commencement of nucleosynthesis, the n/p exactly tracks its equilibrium value. Significant nucleosynthesis begins at T∼ 7 × 10 9 K. Neutrons branch off to the light element formation network. The slow expansion rate of universe shifts the freezeout temperature of inverse beta decay to very low values in comparison with BBN. This ensures replenishing of neutrons, due to inverse beta decay of the protons, to the equilibrium value and ensures significant nucleosynthesis. For T< 10 9 K, the p→n reactions freezeout, but with n→p reactions remaining active, n/p gets depleted at very fast rates Fig. 5 . For ξ e positive and increasing, the rate of n→p reaction increases and p→n decreases. This leads to a large depletion of neutron in comparison with ξ e =0 and results in a low n/p at the time of nucleosynthesis. The freezeout temperature of p→n shifts towards higher values. For LCN and BBN have distinctive features. In BBN a non zero ξ e affects primordial abundances primarily due to change in the expansion rates of the Universe. A non zero neutrino degeneracy parameter always increases the matter density of the universe and thereby the expansion rate. This increment in expansion rate causes a freeze out of weak interactions at higher temperatures resulting in an enhanced residual n/p ratio at the nucleosynthesis epoch which changes very slowly after the freeze out due to the decay of neutrons. Thus significant nucleosynthesis occurs well after the n/p ratio is frozen. In LCN on the other hand, the hubble expansion rate is independent of density and is not affected by the increase of neutrinos and antineutrinos by any non zero ξ e . However, the n/p keeps to its equilibrium value that depends on ξ e but not on ξ µ and ξ τ . Weak interactions remain in equilibrium throughout the epoch when significant nucleosynthesis occurs. One can constrain ξ µ and ξ τ arbitrarily by assuming ξ e =ξ µ =ξ τ as done in [3] . In the following we consider bounds on η L from such constraints.
Neutrino Degeneracy and Predicted Abundances
LCN with a vanishing neutrino degeneracy requires a high η B in order to get right amount of 4 He.
This parameter is related to Ω B by:
Ω B being the ratio of present baryon mass density and critical density.
Such high estimates of baryonic mass density overcloses dynamic mass estimates roughly by a factor of three. A non -vanishing ξ e significantly changes the equilibrium n/p ratio and thereby the production of 4 He. Estimates of the observed primordial abundance of 4 He can therefore serve as a good "leptometer". The primordial metallicity(Z) being quite sensitive to η B , can serve as a good "baryometer". A straightforward modification of the standard NUC-123 ("Kawano") code, incorporating the nuances of linear coasting, is described in [29] . 4 He and metallicity(Z) levels produced are smooth and monotonic functions of η B , ξ e and H 0 = 100h km/sec/Mpc. An empirical fit for Y P in the range of η 9 (3 η 9 10) is found to be:
Where, η Y = ln(η 9 ) − 0.5009ξ e (23) As seen in Fig. 6 , this fit holds good for 0.22 Y P 0.28, corresponding to -2.5 ξ e 0. The primordial estimates of Y P inferred from observations [30] are:
η Y = 2.4515 ± 0.0207 (25) Similarly, an empirical fit of the total metallicity (Z) produced is:
ln(Z) = −17.6883 ± (.0074) + 6.2832(η Z − 0.6637h − 1.5461) (26) Where η Z is defined as: 16 O as well as of A>8 elements (which include the CNO abundance) with temperature in units 10 9 K using same set of parameters.
The minimum metallicity which is required for the fragmentation and cooling process of prestellar gas clouds that leads to the formation of lower mass PopII stars is taken from [8, 9] as
and from [31] we have the solar metallicity Z to be in the range
For calculation of the parameters, we consider the average value
This gives
Eqs. (23) and Eqs. (27) can be written as
Using constraints of η Y and η Z from Eqs. (24) and Eqs. (28), {η 9 , ξ e }, we get η 9 = 3.927 ± 0.292 (34)
These constraints on {η 9 , ξ e } in turn constrain {Ω B , L e }.
Assuming, ξ e = ξ µ = ξ τ , gives a lower bound on η L . The upper bound on η L is obtained from ξ µ = ξ τ =0.0 with only ξ e non vanishing. This gives
These estimates of Ω B saturate the dynamic mass estimates obtained from measured velocity dispersion of stars in galaxy and of galaxies in clusters [28] . This excludes any need of dark matter to account for these observed velocity dispersions. Thus a linear coasting universe with baryonic matter alone, having Ω B = 0.263 ± 0.026 and with a large Lepton asymmetry, would be concordant with observed values of 4 He and the minimum metallicity.
From the above values of {η 9 , ξ e }, as a by product, one gets a higher amount of carbon( 12 C), nitrogen( 14 N) and oxygen( 16 O) in comparison with corresponding levels produced in SBBN.
X(
12 C) ∼ 10
These values of X(CNO) ∼ O(10 −8 ) are high enough to match the observed metallicity in old low metallicity Type II stellar environments and also high enough to sustain a CNO cycle in a massive star [25] . In SBBN, such metal enrichment requires an early generation of high mass PopIII stars having masses in the range: 10 2 -10 5 M . These have not been sighted to date -casting a serious doubt on their very existence. However as we have seen above, nucleosynthesis in a linearly coasting universe eliminates the requirement of hypothetical Pop-III stars by producing the minimum metallicity levels (Z cr =10 −6 Z ) in the early universe. The problem with LCN are rather low residual levels of deuterium(Y D ) and lithium(Y7 Li ):
One might have expected that for Ω B values an order of magnitude greater than in SBBN, copious amounts of 7 Be would be produced and thereafter, by capturing an electron, yield a large amount of 7 Li. However, the difference in the LCN scenario is that the relevant temperatures are held for time periods some eight orders of magnitude longer than in the SBBN. This ensures the destruction of 7 Be as well as 7 Li into the heavier nuclei channels over time period much smaller than the age of the universe at these temperatures in LCN. Thus by the time nucleosynthesis freezes, the residual levels of both 7 Li as well as 7 Be are abysmally low. Both these elements can be produced to observed levels by spallation of high energy particles much later in the history of the universe as described in Section 2 [26] .
Discussion and Conclusion
Nucleosynthesis in a linearly coasting universe has characteristic features arising due to the slow expansion rate of the universe at high temperatures. In previous studies it had been shown that production of concordant levels of 4 He requires a critical baryon density ( c Ω B ∼ 0.70): some three times the total dynamic mass estimates that follow from velocities of stars in galaxies and from the virial speeds of galaxies in clusters. 4 He levels are very sensitive to baryon density -rapidly vanishing for baryon density less than c Ω B , and rapidly increasing to 100% for higher values. One could in principle lower the average baryon density requirement in such a model by having an inhomogeneous distribution of baryons. The 4 He levels are also much more sensitive to the nucleosynthesis rates in the slow evolution in LCN than it is in SBBN. The reason is that in SBBN, the amount of 4 He is completely determined by the n/p ratio when deuterium burning becomes efficient. In LCN, 4 He starts forming when the n/p ration is still following its equilibrium value. This falls rapidly with temperature below 10 10 K. The rate of 4 He formation is small and dependent on the nuclear reaction rates, however, over the long time period at ones disposal at these temperatures, the abundance of 4 He accumulates.
In this article we have explored the effect of a non-vanishing neutrino degeneracy parameter. In SBBN a non-vanishing degeneracy parameter has been invoked to get around the incompatibility of observationally inferred abundances of 4 He and 7 Li [1, 3, 2].
In LCN, ξ e determines the initial n/p ratio on the one hand and modifies the weak interaction rates that depend upon number density of ν e andν e . More positive the ξ e , the lower is the neutron abundance and lower is the production of 4 He. Similarly, more negative the ξ e , the larger is the neutron abundance and large the production of 4 He. Using the present observational constraints on 4 He, Y P =0.254±0.003 and the minimum metallicity (Z) required for the fragmentation and cooling process in collapsing prestellar gas clouds, Z=10 −6 Z (0.0187 ≤ Z ≤ 0.0239), we put constraints on baryon to photon ratio, the electron neutrino degeneracy parameters and the lepton asymmetry: η 9 = 3.927±0.292 (which is equivalent to Ω B =0.263±0.026), ξ e = -2.165±0.171 (equivalent to L e =-0.795±0.100). Assuming ξ e = ξ µ = ξ τ , we get a lower bounds on η L ≥-2.685. On the other hand if we assume ξ µ = ξ τ = 0.0 and only ξ e non-vanishing, we get η L ≤-0.695. With such a constraint on Ω B , the dynamic mass estimates can be saturated by baryonic mass density alone. Another useful by product of the slow expansion rate is the production of significant X(CNO)∼ 10 −8 . These abundances are sufficient to trigger and sustain the CNO cycle in low metallicity stars. The overall metallicity produced is also sufficient for efficient cooling in collapsing star forming clouds. The low residual values of deuterium and lithium in LCN can be reconciled by their production to observed levels by spallation in environments of incipient PopII stars [26] .
An over all comparison of a Linear Coasting model -or for that matter any cosmological model -with the standard "Big-Bang Model", would be quite premature at this stage. The effort that has gone in the study of concordance of SBB (the Λ CDM model) with observations is quite a commendable task and no such comprehensive consolidated effort is in place for the Linear Coasting model. Constraints on the baryon to photon ratio have been obtained by the WMAP and Planck satellite experiments using the Standard Big Bang model (the Λ CDM model) as a prior. This commendable achievement must be matched LCN for the corresponding Ω B deduced herein before it stakes a claim to be a viable alternative. We are continuing our effort in this direction. For the present we expressed hopes of encouraging results as in spite of the enormous difference in evolution, the Hubble scale at the last scattering surface in a linearly evolving cosmology subtends an angle of the same order as corresponds to the first observed peak in the CMB anisotropy.
Thus while preliminary study of growth of structure in such an evolution seems not to pose much problem, an account of acoustic oscillations in the microwave background is lacking as on date in the Linearly Coasting Cosmology. This is notwithstanding the fact that the Hubble scale at the last scattering surface in a linearly coasting cosmology, which is the scale over which one expects coherent oscillations, subtends an angle of the same order that corresponds to the observed first peak. The purpose of the present study is restricted to the determination of constraints on nucleosynthesis parameters in a linearly coasting cosmology.
A Analytical expression for neutron and proton destruction rates
The rates for the reactions given in Eqs. (17) are [4, 24] λ p = K The function F(x) is the fermi function. Throughout the relevant range in our case where it makes a significant contribution, its rough constant value is .98 For z large compared with unity, we have z ν = z this gives: λ n = e βz λ p The neutron to proton ratio is given by the ratio of proton destruction rate to neutron destruction rate (λ p /λ n ) which implies the expression given in equation Eqs. (8) .
